In a large laboratory plasma reconnection of three-dimensional ͑3-D͒ magnetic fields is studied in the parameter regime of electron magnetohydrodynamics ͑EMHD͒. A reversed-field topology with two 3-D null points and a two-dimensional ͑2-D͒ null line is established, and its free relaxation is studied experimentally. Major new findings include the absence of tilting instabilities in an unbounded plasma, relaxation times that are fast compared to classical diffusion times, dominance of field line annihilation at the 2-D current sheet versus reconnection at 3-D null points, conversion of magnetic energy into electron thermal energy, and excitation of various microinstabilities. The experiment implies that EMHD processes near absolute magnetic null points must be considered in the multiscale physics of magnetic reconnection.
I. INTRODUCTION
Magnetic reconnection describes dynamic processes in plasmas which are associated with field topology changes and particle energization at the expense of magnetic field energy. These processes play an important role in space and laboratory plasma physics. In spite of a long history of research, 1 reconnection remains at the forefront of research.
2
The topic is complicated because of coupled, multiscale processes of different physics near magnetic null points. For example, an outer region described by single fluid magnetohydrodynamics ͑MHD͒ is coupled to an intermediate region of electron magnetohydrodynamics ͑EMHD͒, 3 which in turn is coupled to the unmagnetized region of the null point. In space plasmas it is often difficult to resolve global and microscopic processes simultaneously. Laboratory experiments have been performed aimed at studying reconnection processes under controlled conditions. 4, 5 The present work describes an experiment which investigates reconnection in the EMHD parameter regime. Compared to previous work 6 the new experiment has no boundary effects, reconnection is nondriven ͑spontaneous͒, and the field topology is fully three dimensional ͑3-D͒. Major observations include ͑i͒ a topology change from a field-reversed configuration ͑FRC͒ into a uniform field occurring on a time scale that is fast compared to classical diffusion times but slower than whistler transit times, ͑ii͒ conversion of magnetic field energy into electron thermal energy, and ͑iii͒ the energy conversion does not take place by reconnection at 3-D null points but by field line annihilation in an azimuthal magnetic neutral/electron current sheet. A variety of microinstabilities ͑ion sound, whistlers, plasma waves͒ have been observed but their role in the dissipation process is under investigation.
The paper is organized as follows: After describing in Sec. II the plasma device and measurement techniques, the experimental results are presented in Sec. III, divided into various subsections. The conclusion, Sec. IV, points out the relevance of the present findings.
II. EXPERIMENTAL ARRANGEMENT
The experiments are performed in a large laboratory plasma device schematically shown in Fig. 1͑a͒ . A 1-m-diamϫ2.5-m-long plasma column of density n e р10 12 cm Ϫ3 , electron temperature kT e Ӎ3 eV, argon gas pressure p n Ӎ0.4 mTorr, is produced in a uniform axial magnetic field B 0 ӍϪ5 G ẑ with a pulsed dc discharge (V dis Ӎ50 V, I dis Ӎ600 A, t pulse Ӎ5 ms, t ep Ӎ1 s͒ using a large oxide-coated cathode. In the early, current-free afterglow plasma, pulsed currents ͑100 A, t pulse Ӎ50 s, t rise Ӎ5 s, t fall р2 s͒ are applied to two insulated magnetic loops forming a Helmholtz coil ͑30 cm diameter, 4 turns each͒. The Helmholtz coil field is opposite to and stronger than the uniform field, resulting in vacuum in two cusp-type null points on axis and azimuthal O-type and X-type null lines as shown in Fig. 1͑b͒ . The time-varying magnetic fields produced by the applied current in the coils and the induced currents in the plasma are measured with a triple magnetic probe, recording (B x ,B y ,B z ) versus time at a given position. By repeating the highly reproducible discharges and moving the probe to many positions in a three-dimensional volume, the vector field B(r,t) is obtained with high resolution (⌬r Ӎ0.75 cmрc/ pe , ⌬tӍ10 nsр2/ ce ). At any instant of time the spatial field distribution can be constructed from the digitally stored temporal traces. The current density is calculated from Ampère's law, JϭٌϫB/ 0 without making any assumptions of field symmetries. Plasma parameters are obtained from a small Langmuir probe (r 2 Ӎ2.6 mm 2 ), microinstabilities are detected with a cylindrical probe ͑0.5 mm diameter, 2 mm length͒ connected to a 50 ⍀ coaxial cable, light emission is detected with a photomultiplier tube and resolved with a McPherson scanning monochromator. 
III. EXPERIMENTAL RESULTS

A. Magnetic fields and currents
The length of the applied current pulse is sufficiently long ͑50 s͒ that the magnetic field penetrates into the plasma and establishes a vacuum-like field topology. At this time (tЈϭ0) the current is switched off fast (р2 s) compared to the field relaxation time so as to study the free relaxation of the EMHD FRC. By definition, the change in field topology from closed to open field lines involves reconnection which in this case occurs spontaneously, i.e., not driven by external time-varying fields but only by the internally stored field energy produced by plasma currents. Figures 2͑a͒-2͑c͒ display three snapshots of the field topology B(xϭ0,y,z) at different times during the relaxation process. At switch-off of the coil current ͓Fig. 2͑a͔͒, the field is essentially as in vacuum. Subsequently, the field in the close vicinity of the coils decays first while the field in the center of the Helmholtz coil is maintained longer by plasma currents. The current forms an azimuthal current sheet centered near the field reversal region, i.e., a quasi two-dimensional ͑2-D͒ azimuthal magnetic neutral sheet ͓Fig. 2͑b͔͒. The current sheet is free to move self-consistently since no image currents are induced in the coil or chamber wall. It initially expands radially beyond then axially and finally shrinks again and collapses on axis. Although it exhibits some fine structure its global shape remains an axially aligned cylinder ͓Fig. 2͑c͔͒. In MHD such a magnetically unstable configuration would be expected to tilt but this is not the case in EMHD where the combined electric and magnetic fields are force-free (ϪneEϩJϫBϭ0). After the null points and lines have merged on axis the remaining field energy can propagate in the whistler mode along open field lines. 7 Prior to that the presence of the axial null points produces a magnetic beach for whistlers which prevents energy convection and enhances dissipation. Thus, in terms of wave physics the relaxing FRC can also be thought of as a highly nonlinear whistler wave packet which traps itself. If the Helmholtz coil field is reversed energy convection dominates over dissipation. Multiple reflections of whistler modes from the end chamber walls are readily observed on magnetic probes or the induced voltage on the Helmholtz coil.
B. Relaxation of magnetic flux and energy
A magnetic structure of scale length L relaxes by classical diffusion on a time scale ϭ 0 L 2 , which for the present parameters ( ʈ ,Spitzer Ӎ100 ⍀ Ϫ1 cm
Ϫ1
at kT e ϭ3 eV, LӍ30 cm) yields у1 ms. The observed decay of the magnetic energy, shown in tion'' electric field in the neutral sheet is E Ӎ0.2 V/cm which with the measured current density J Ӎ1.5 A/cm 2 yields a conductivity ʈ Ӎ8 ⍀ Ϫ1 cm Ϫ1 Ӷ Spitzer . A fundamental question is how reconnection takes place in 3-D field topologies. At a symmetric 3-D null point no net transfer of closed to open field lines appears possible. However, at the elongated 2-D null line opposing field lines can cancel, resulting in field line annihilation. This is the dominant process by which the closed flux is observed to erode. We have calculated contours of constant axial magnetic flux, ͐B z 2r drϭconst, which for axial symmetry and ideal fluids coincides with magnetic field lines. Comparisons between flux surfaces and field lines from measured vector fields shows good agreement, implying that the field lines must be well frozen into the electron fluid. Figure 4 shows the motion of a constant flux surface or field line. It demonstrates that during the relaxation process the closed field lines move into the current sheet rather than into/through the 3-D null points on axis. The EϫB motion of electrons and field lines also indicates the direction of the Poyntings vector implying that magnetic energy flows into the current sheet. Thus particle energization predominantly takes place in the neutral sheet rather than in the neutral points. The frozen-in condition must break down near the null layer since the electron flow cannot be divergent.
From the Helmholtz coil voltage V coil and current I coil ͓Fig. 5͑a͔͒, we obtain the total energy deposited in the plasma ͓Fig. 5͑b͔͒. By integrating the applied power V coil I coil we obtain for tЈϾ0 in vacuum the energy dissipated in the coil resistance (U coil ϭ͐I 2 R coil dtӍ70 mJ, R coil Ӎ0.14 ⍀) and in plasma an added energy loss ͑40 mJ͒ which goes primarily into magnetic field energy and fast electrons. When coil losses are subtracted the difference between energy input in plasma and vacuum shows the time-resolved energy deposition into the plasma. Most of the energy is deposited during the rapid switch-off of the applied field. Also note the induced voltage V coil ϭϪNd⌽/dtр80 V after the end of the current pulse, which yields an initial flux decay time ϭ⌽/͉d⌽/dt͉Ӎ7 s. Next we address the question how the loss of the stored magnetic field energy can be accounted for.
C. Electron energization
Langmuir probe traces ͑Fig. 6͒ show strong electron heating. Near the coils the large inductive electric field during switch-off (E i у1 V/cm) produces energetic electron tails up to 100 eV ͓Fig. 6͑a͔͒. This large electric field may be considered driven due to the switch-off of the antenna current but after the current has vanished (tЈу2 s) the induced electric field is determined self-consistently. In the center of the Helmholtz coil bulk electron heating to kT e Ӎ4 eV is observed ͓Fig. 6͑b͔͒. It maximizes well after the antenna current has been switched off, implying that it is caused by the dissipation in the radially converging current sheet. The total energy increase of the electrons is estimated to be N e k⌬TϷ9 mJ, which is smaller than, but on the order of, the stored magnetic energy in the Helmholtz coil, ͐B 2 /2 0 dVӍ16 mJ. The difference is thought to be due to FIG. 3 . Relaxation of the free magnetic energy associated with plasma currents in a finite measurement volume ͑4 cm diameter, 40 cm length͒. Energy decays by dissipation and convection. At small amplitudes magnetic energy propagates in the whistler mode and returns after reflection from the chamber wall causing the temporary increase at tϷ15 s. convection of magnetic energy out of the measurement volume, electron heat conduction, line radiation, and wave excitation.
D. Microwave and optical emissions
Independent evidence for electron heating is obtained from measurements of electromagnetic radiation in the range of the electron plasma frequencies and light excitation from electron impact with neutrals and ions. With a dipole antenna connected to a low-noise microwave amplifier, mixer, if amplifier and crystal detector, microwave radiation is observed externally at any glass window of the plasma device as shown in Fig. 7 . The radiation peaks near f Ϸ6.5 GHz, which indicates the local electron plasma frequency. The emission peaks after the end of the antenna current pulse, implying that it cannot be created by the fast electrons near the antenna with lifetime Ϸ2 s but by the heated electrons in the current sheet. The emission due to reconnection exceeds that from the dc discharge whose volume greatly exceeds that of the Helmholtz coil. Thus, the electrons are hotter during the reconnection than in the discharge. In both cases the mechanism for creating electromagnetic emission is thought to be mode conversion of electrostatic modes on density gradients. In order to find the source of these modes, a small coaxial probe, movable in radial and axial direction, has been connected via a waveguide coupling section to the microwave receiver. It is sensitive to local plasma waves and thermal fluctuations. The latter are dominant since a broadband noise spectrum is observed (2Ͻ f Ͻ8 GHz) without a sharp peak at the plasma frequency. Figure 8 shows that the fluctuations maximize in the center of the Helmholtz coil and are delayed in time with respect to the presence of the energetic electrons near the antenna. The latter do not produce beam-plasma instabilities, which would be readily detected with the sensitive receiver. Fluctuations below the plasma frequency ͑2-4 GHz͒ are not observed externally while higher frequencies ͑4 -8 GHz͒ can mode convert. Although the initial density profile is uniform, density gradients are produced inside the Helmholtz coil after switch-on of the antenna current. In EMHD the inductive electric field along the coil creates a radial electron EϫB drift which results in a radial space charge electric field and ion acceleration. The radially inward moving ions create the observed density enhancement in the center of the Helmhotz coil. Axial scans do not exhibit any enhancements in fluctuations near the 3-D null points.
In the dark afterglow plasma light emission due to fast electrons is readily observed with a sensitive photomultiplier tube. Figure 9 shows the light intensity from the center of the Helmholtz coil versus time in comparison to the coil current. The measured resolution of the optical system is 0.2 s in time and 2 cm in space. The delay indicates that the light is due to electrons heated by reconnection. Spatially resolved measurements do not show any enhancement of light near the 3-D null points. However, near the Helmholtz coils the energetic electrons produce a short-lived light pulse ( р2 s). When the Helmholtz coil field is reversed the light from the center as well as microwave emissions vanish because without null points there is no reconnection/ annihilation. We have also analyzed the spectrum of the light emission using a scanning monochromator. As expected, the light contains a large number of lines most of which fall into the visible green. Neutral lines ͑e.g., 4300 Å, Ar I, 14.5 eV͒ are most intense, have a lower excitation energy, and longer decay times than ion lines ͑e.g., 4880 Å, Ar II, 19.7 eV͒. 8 In order to prevent cathode poisoning a small amount of hydrogen is added (H 2 /ArϷ1%), which allows observation of the H␣ line ͑6563 Å, 12 eV͒. It has a much slower decay time than Ar lines. The variety of lines with different intensities and decay times makes it difficult to determine the electron distribution function quantitatively.
E. Ion sound and whistler turbulence
Fluctuations in the electron saturation current to a Langmuir probe have been observed. A large ensemble of repeated traces I e,sat (t) is stored, the fluctuations ␦I e,sat (t) ϭI e,sat (t)Ϫ͗I e,sat (t)͘ around the mean ͗I e,sat (t)͘ are calculated, fast Fourier transformed and/or rms values are calculated. Figures 10͑a͒ and 10͑b͒ show time dependence and frequency spectrum of the normalized density fluctuations ␦n/͗n͘Ӎ␦I/͗I͘. Fluctuations maximize after the switch-off of the coil current and exhibit during this time interval an f Ϫ2 spectrum well below the ion plasma frequency f Ӷ f pi Ӎ25 MHz, a peak at f ϭ2.5 MHz, and dropping off toward the lower hybrid frequency, f lh Ӎ50 kHz. Since an unshielded Langmuir probe is not sensitive to high frequencies the fluctuations have also been measured with a coaxial rf probe. The spectrum continues to decay without enhancements at either f pi or the Buneman frequency, f B ϭ0.4(m e /m i ) 1/3 f pe Ӎ65 MHz. Space and time-resolved measurements of (␦n) rms show that density fluctuations follow the radially inward motion of the current sheet. Thus, for T e ӷT i they are most likely current-driven ion sound waves, 9 although definitive cross-correlation measurements still have to be done. Theoretically, ion sound turbulence produces an anomalous electron collision frequency *Ϸ pe (␦n/n) 2
Ϸ3ϫ10
7 s Ϫ1 for (␦n/n) rms Ӎ3%, or anomalous conductivity *Ϸ6 ⍀ Ϫ1 cm Ϫ1 , which could account for the measured low conductivity. 10 Theory and numerical simulations predict whistler mode turbulence in neutral sheets. 11, 12 The fluctuations ␦BϭB Ϫ͗B͘ for each component have been measured simultaneously. Fourier analysis confirms the existence of whistler mode fluctuations. Magnetic hodograms indicate no preferred k vectors. 13 Both whistler and sound noise last longer than the current sheet, which is possible for weakly damped modes. However, due to the small amplitude of the whistler mode turbulence (␦Bр0.1 G), it may not play a significant role in the reconnection process.
IV. SUMMARY AND CONCLUSIONS
The present experiment gives a detailed picture of 3-D reconnection processes in the EMHD regime. Change in field topologies and energy conversion have been clearly observed. Note that electron acceleration ͑''jetting''͒ in EMHD does not convert magnetic energy since streaming electrons produce again magnetic fields.
14 The FRC relaxes without external drive free or boundary effects. No global tilting instability is observed. The flux decays two orders of magnitude faster than predicted by classical diffusion. The conversion of magnetic energy into electron heat occurs mainly in the azimuthal current sheet and not in the 3-D null points. Field lines ''move'' into the neutral sheet where they are annihilated. Since this implies a divergence (""S 0), whereas the electrons are incompressible (""Jϭ0), fluid flow and field lines must become decoupled. The frozen-in condition is usually thought to break down where the electrons become nonadiabatic or unmagnetized by collisions or turbulence. Current-driven ion sound turbulence is thought to enhance the electrical resistivity and cause the observed fast electron heating and magnetic energy decay. When the magnetic field has decreased such that the nulls have vanished, the residual energy convects away in the whistler mode.
The present work suggests further studies of the stability of EMHD FRCs and a comparison with their MHD counterparts. Reconnection at current-carrying 3-D null points ͑e.g., spiral nulls͒ needs further investigation. The role of the microturbulence on the self-consistent electric and magnetic fields during the free relaxation deserves further work.
However, the present results already suggest that similar reconnection processes may occur in other configurations where thin current sheets are embedded in magnetic neutral sheets. For example, our plasma parameters are similar to those in the solar photosphere and it is conceivable, although beyond present observational techniques, that EMHD reconnection occurs on the sun.
